Pediatric kidney donors remain underutilized due to the high risk of postoperative thrombosis. To address this problem, we developed a novel en bloc kidney transplantation technique using donor thoracic aorta and the distal abdominal aorta as inflow and outflow tracts, respectively. Briefly, eight kidneys from deceased infant donors under five months old and with low body weight (1.9-4.9 kg) were transplanted en bloc into four pediatric and four adult patients. The donor's common iliac artery or external iliac artery was anastomosed to the recipient's distal external iliac artery or inferior epigastric artery, respectively, as an outflow tract. Recipients received basiliximab or antithymocyte globulin as induction therapy followed by tacrolimus, mycophenolate mofetil, and prednisone but without prophylactic anticoagulation.
Delayed graft function was observed in one patient but was reversed at 90 days posttransplant. Two patients had urine leakage, which was cured by conservative treatment. Two recipients developed lung infections that eventually cleared. No patients experienced posttransplant vascular thrombosis. After 1-1.5 years of followup, all patients are well and have normal serum creatinine levels. In conclusion, this novel en bloc kidney transplantation technique using a modified arterial inflow and outflow tract can prevent vascular thrombosis and provide adequate graft function.
K E Y W O R D S
clinical research/practice, complication: surgical/technical, donors and donation: donation after circulatory death (DCD), kidney (allograft) function/dysfunction, kidney transplantation/ nephrology, organ procurement, paediatrics these complications, 11, 12 and strategies to overcome this issue are urgently needed to help expand the donor pool.
In this study, we report a novel en bloc kidney transplantation technique from deceased infant donors under five months old with extremely low body weight (1.9-4.4 kg) using the donor thoracic aorta and the distal abdominal aorta as inflow and outflow tracts,
respectively. This technique effectively avoided vascular thrombosis and produced excellent outcomes at 1-1.5 years of follow-up.
| PATIENTS AND ME THODS
All eight cases of cardiac death donation (national protocol for China category II) 13 were from infant donors (three days to five months old) with low body weight (1.9 to 4.9 kg). Donor death was caused by congenital heart disease, severe pulmonary infection, or congenital malformations. The infant donor grafts were donated to the Red Cross Society of Hunan Province and allocated to our center by the China Organ Transplant Response System. All study procedures were approved by the ethics committee of the Second Xiangya
Hospital of Central South University and performed in accordance
with the national program of organ donation after cardiac death in China. [13] [14] [15] [16] [17] Written informed consent was obtained from all patients or their guardians. Donor and recipient clinical characteristics are listed in Tables 1 and 2 , respectively.
| Organ procurement
Donors were heparinized prior to organ acquisition. Organs were procured using in situ perfusion and en bloc extraction. Briefly, intubation points were established in the external iliac artery (EIA) or common iliac artery (CIA) using eight Fr silicone tubes rather than aortic balloons, which are used for adult organ acquisition. The depth of intubation did not exceed the openings of the bilateral renal arteries. In situ perfusion was initiated using a low-viscosity hypertonic citrate purine (HCA) solution or static preservation solution-2 (SPS-2) to fully flush renal grafts, followed by high-viscosity UW solution or SPS-1. Kidneys were procured in conjunction with the liver and parts of the thoracic aorta. Only the kidneys were transplanted because the procured liver was too small to be utilized by any transplant center. The warm ischemia time (WIT) was defined as the time between asystole in non-heart-beating donors and the commencement of cold perfusion. 18 The cold ischemia time (CIT) encompassed the time between in situ flushing and removal from ice
and was recorded along with WIT for each donor (Table 1) .
| Back-table graft preparation
The celiac trunk, superior mesenteric artery, inferior mesenteric ar- Following graft preparation, leakage tests were performed. SPS-1 solution was injected via the inflow tract of the aorta while the outflow tract was clamped, and leakage points were identified and repaired.
| Kidney implantation
En bloc kidneys were implanted extra-peritoneally into the right iliac fossa. The proximal end of the donor IVC was anastomosed to the external iliac vein in an end-to-side fashion using 6-0 prolene running sutures. The thoracic aorta was longitudinally split over 2.5 cm and anastomosed to the common/external iliac artery in an end-to-side CIT, cold ischemia time; WIT, warm ischemia time.
fashion using 6-0 prolene running sutures ( Figure 1B , Figure 2B ).
Following anastomosis, intraluminal air was thoroughly excluded by infusing heparin saline from the distal end of the donor CIA, which was then blocked with a Bulldog clamp. Graft blood flow was then opened. The donor CIA was anastomosed to the recipient distal EIA (cases 1-4, group A, Figure 2B ) in an end-to-side fashion or the donor EIA was anastomosed to the recipient inferior epigastric artery (IEA, cases 5-8, group B, Figure 2C ) in an end-to-end fashion for use as an outflow tract. Both ureters were anastomosed individually to the bladder via the Lich-Gregoir technique with 3-4 Fr double J stents.
| Perioperative care
Recipients received basiliximab or antithymocyte globulin as induction therapy followed by tacrolimus, mycophenolate mofetil, and prednisone. The tacrolimus dose was adjusted to achieve a target blood level of 5-7 ng/ml. Blood pressure was controlled to under 130/85 mmHg and used noninvasive hemodynamic monitoring techniques to prevent hyperfiltration injury and avoid hy-
poperfusion. Proper intravenous fluid therapy was initiated with
5% glucose, 5% glucose and sodium chloride infusion solution, and
Ringer's lactate solution alternately to keep electrolyte balance and maintain good perfusion of the transplanted grafts. Colloid infusion was given based on the level of serum albumin. Assessing volume status was multifaceted and included monitoring the output of urine and wound drainage, heart rate and blood pressure.
Detailed total input-output tabulations were used to dictate the fluid management. No prophylactic anticoagulation was administered. Serum creatinine and urine volume were measured routinely.
Computed tomography angiography (CTA) was used to monitor the outflow tract.
| RE SULTS
A total of eight cases of en bloc renal allografts with outflow tracts were successfully transplanted into four pediatric recipients (cases 1-4, group A Figure 2B ) and four adult recipients (cases 5-8, group B, Figure 2C ).
DGF was observed in one patient (case 2), whose renal function returned to normal at 90 days posttransplant following regular dialysis and adjustment of immunosuppression. Two recipients (cases 1 and 5) developed lung infections, which were eventually cleared with antibiotics and a reduction in immunosuppression.
Two patients (cases 5 and 6) had urine leaks, which were cured using conservative treatments such as adequate drainage, indwelling catheter placement, extending the retention time of the double J stents, minimizing oral steroids, prophylactic antibiotics and nutritional support ( Table 2) 
| D ISCUSS I ON
Ongoing organ shortages are a worldwide barrier to transplantation. 3, 4 En bloc renal transplantation from pediatric donors to adult recipients was first introduced to address this problem in 1972. 19 However, many transplant centers remain reluctant or refrain completely from utilizing kidneys from newborn or infant donors due to concerns such as insufficient nephron mass, development of hyper-filtration injury, 5, 20, 21 and increased incidence of graft arterial stenosis. 22 The small vessel size makes anastomosis technically challenging and can also lead to postoperative thrombosis, 23, 24 as reported previously. 11, 12, 25 Urinary complications are also more common in infant donors than in adult donors. 20 Fortunately, infant donation for organ transplantation in China has the potential to expand the donor pool. China has a large population with an infant mortality rate of 1.393%, which offers a large number of potential donors. 25 Young parents are also more receptive to organ donation because they are less beholden to traditional
Chinese cultural restraints. 15 These factors have led to a higher rate of infant organ donation than adult organ donation. 26 Improving the utilization of renal grafts from infant donors can narrow the gap between organ supply and demand.
The common method of en bloc kidney transplantation involves anastomosis of the donor proximal abdominal aorta 7, [25] [26] [27] or distal abdominal aorta 19 to that of the recipient. We believe that this technique is effective for donors older than five months and with body weights greater than 5 kg or kidney diameters greater than 5 cm. 26 However, for extremely low-body-weight donors (<5 kg), (Tables S1 and S2 ).
The outcomes of these five consecutive cases were frustrating, since the incidence of renal thrombosis was 80%, with three cases requiring nephrectomy (Table S2 ).
These failed cases prompted us to develop a new technique to address these complications. A technique for en bloc transplantation from pediatric deceased donors into adult recipients has been described previously in which the donor aorta was interposed to the recipient EIA, while the donor vena cava was split longitudinally to form a patch, which was sutured end-to-side into a similarly shaped defect created in the external iliac vein. 28 BD Kahan This procedure allows the blood in the donor aorta to flow quickly, thus averting blood-flow stagnation. However, the diameters of the donor aorta and vena cava may not always match those of the recipient external iliac vessels. This mismatch is more significant for infant donors with extremely low body weights. Furthermore, infectious vascular complications requiring graft nephrectomy can lead to iliac vascular defects. [30] [31] [32] [33] [34] [35] Additionally, the creation of a distal arteriovenous fistula to augment outflow has been used in peripheral vascular surgery. 36 Aortic bypass in conjunction with renal autotransplantation has been used to treat a child with midaortic syndrome. 37 Importantly, another novel and successful approach to kidney transplantation using the donor's aorta as an aortic bypass and outflow conduit was reported in a child with a severe form of midaortic syndrome. 38 In the present study, we combined the advantages of these techniques to redesign the operation for infant donors. The thoracic aorta was longitudinally split over a length of 2.5 cm and then anastomosed to the recipient's common or external iliac artery. Such a large arterial anastomosis is beneficial for postoperative renal growth and to increase blood supply demand. 27 One side of the donor common iliac artery was used to establish the outflow tract, while the other side was closed ( Figure 2B ). The outflow tract allows blood to flow rapidly through the aorta to avoid blood retention and in situ thrombosis, while a small thrombus would flow simply through the outflow tract, further reducing the risk of renal arterial embolism.
In the donor, the renal pedicle and the axis of the abdominal aorta and IVC form an inverted V-shape due to the presence of the spine ( Figure 5A ). However, in the recipient right iliac fossa, the renal graft pedicle and aortic axis form an upward V-shape due to intestinal push ( Figure 5B ). We therefore rotated the paired grafts Using the above techniques, we first performed four infant-donor pediatric kidney transplants (group A). The donor CIA and recipient EIA were anastomosed to establish the outflow tract (group A)
by end-to-side anastomosis. CTA showed that all of recipient outflow tracts were underdeveloped at one month posttransplant ( Figure 3A ). We initially attributed this effect to equal pressure at To create a suitable pressure gradient between the proximal and distal ends of the outflow tract, we further improved the procedure by anastomosing the donor EIA and the recipient distal IEA to establish an outflow tract (group B, Figure 2C ). This approach should theoretically yield an adequate pressure gradient between the proximal and distal ends of the outflow tract to allow rapid intra-arterial blood flushing. We performed the remaining four infant-donor-toadult kidney transplants using this technique (group B).
CTA performed one month posttransplantation showed welldeveloped outflow tracts in all but one of the adult recipients. The underdeveloped outflow tract may have been due to increased blood supply within the growing renal graft that did not require shunting, thus reducing blood flow in the outflow tract until occlusion ( Figure 3 ) 27 or the formation of a thrombus in the rough intramural wall (due to substantial ligated branches of the aorta) of the donor aorta that was washed into outflow tract with the outflow tract being blocked while the renal artery remained functional.
The incidence of proteinuria was 25% in patients using the recipient IEA to establish the outflow tract. However, in group A, the incidence of proteinuria was 75% (three in four) despite of the relatively low metabolic demand and basal blood pressure in pediatric recipients, which may be explained by the ineffective outflow tract constructed from the recipient EIA. All of the follow-up data implied that an effective outflow tract with the recipient IEA might automatically adjust intra-renal pressure and blood flow, which will eventually ameliorate hyper-filtration injury.
Transplant centers have reported that donor and recipient size matching is an integral component of program success. 40 Kidney transplantation from infant donors to pediatric recipients is regarded as an acceptable approach 25, 27, 38, 41 with superior longterm graft function compared with kidneys from adult donors. 42 Therefore, we chose children as recipients to avoid the possibility that graft size would be inadequate to adapt to the workload of the recipients after transplantation. We also chose adult female recipients with low body weights and found that renal function in adult recipients returned to normal within a short time, consistent with previous studies. 43, 44 Both the WIT and CIT impact DGF rates and long-term graft survival using deceased-donor kidney transplantation. 45 All eight patients successfully recovered, and none showed signs of vascular thrombosis, despite the absence of prophylactic anticoagulation. Our results are promising, as the incidence of thrombosis was previously reported to be 36.7% using donors under the age of three years. 12 Three in four patients (75%) who receive kidneys from donors younger than 12 months experience graft thrombosis.
11
In conclusion, this en bloc kidney transplantation technique using the donor proximal thoracic aorta and the distal abdominal aorta as inflow and outflow tracts, respectively, provides a solution to the challenges associated with using infant donors with extremely low body weights in the absence of anticoagulation. Combining this novel surgical technique with suitable donor and recipient selection, short ischemia times and feasible perioperative management 
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